We identified and characterized a new Escherichia coli gene, htrP. The htrP gene was identified because its insertional inactivation by the TnlO transposon results in the inability of E. coli to form colonies at temperatures above 3rC and a slow growth phenotype at 30°C. The htrP gene was cloned and mapped to 66.3 min on the E. coli genetic map, 4 kbp clockwise from the toiC gene. The htrP gene was sequenced and shown to code for an acidic, 27,471-Da polypeptide and to be transcribed counterclockwise with respect to the genetic map. The predicted HtrP protein has two potential transmembrane segments and shares an identity of 64.4% over a length of 210 amino acids with the LuxH protein. Despite the fact that the htrP gene is essential for E. coli growth exclusively at high temperatures, the levels of htrP-specific transcripts decrease with increasing temperature.
Escherichia coli can survive and grow within a wide range of temperatures (10) . To adapt to such a diverse range of growth temperature conditions, a variety of cellular processes are involved that allow E. coli to efficiently perform metabolic functions without losing viability (10) . A sudden shift-up in temperature is known to induce the accelerated synthesis of a set of proteins, collectively known as heat shock proteins. The transient elevated expression of these proteins is highly conserved and is referred to as the heat shock response (22) . It has been suggested that the heat shock response is part of the adaptive tolerance mechanism required for survival at high temperatures (37) . Besides the induction of heat shock proteins, certain other functions are also affected. These include changes in membrane protein composition and lipid composition, transient inhibition of cell division, as well as altered turnover of many other proteins (10, 20) . To gain an understanding of genes that may be uniquely required by E. coli to survive at high temperatures, we screened libraries of various transposon insertion mutations. Those insertion mutations that enable E. coli to grow well at low temperatures but result in inability to form colonies at high temperature should potentially define functions that are uniquely involved in bacterial survival at high temperature. Using this approach, we have defined thus far four such high temperature requirements (htr) genes. Of these, htrA and htrC define two new heat shock genes. The htrA gene encodes a periplasmic endopeptidase (17, 18) and is transcribed by the Eu24 RNA polymerase (6) . The htrC gene is under the transcriptional regulation of the Eu32 RNA polymerase, similar to other classical heat shock genes (27) . The htrB gene is transcribed by the Eu70 RNA polymerase, which transcribes housekeeping genes (10) . The htrM gene has at least two promoters, one transcribed by Ecr70 and another transcribed by Eu32 (28) . Here, we present the identification, mapping, and sequence analysis of a fifth htr gene, designated htrP. (36) .
Construction of htrP::fl Kanr insertion mutation. An additional htrP null allele was constructed by in vitro insertion of the kanamycin resistance cassette, the fl Kanr element (7, 26) . To achieve this, we excised the 2.1-kb kanamycin resistance element of plasmid pHP45 fl Kanr by digestion with BamHI and inserted it into the unique BglII site of pSR589 within the htrP coding region (Fig. 1) . The resulting plasmid, pSR603, was used to transfer the mutant htrP allele to the chromosome by linear transformation of the recB recC sbcA strain JC8679 (27) . Ampicillin-sensitive kanamycinresistant transformants were retained and transferred by P1 transduction back to a wild-type E. coli background. The closely linked Tetr marker from CAG12184 (tolC20::TnJO) was used to further verify that the new htrP allele was located at its expected map location.
RNA isolation and Northern (RNA) blots. RNA was isolated by the hot-phenol extraction procedure (19 Nucleotide sequence accession number. The GenBank accession number for the htrP gene is M64472.
RESULTS
A library consisting of at least 5 x 104 mini-Kan::TnJO insertional events was constructed at 30°C in the wild-type strain B178 by infecting the strain with X1105 at a multiplicity of infection of 0.1 phage per bacterium. This library was subsequently screened for isolates with a temperature-sensitive phenotype (Ts-), i.e., inability to form colonies at 42°C. One such Ts-isolate, subsequently designated htrP698:: TnJO, was chosen for the present study. The htrP mutation was first shown, by P1 transduction, to confer a Ts-phenotype in various wild-type E. coli genetic backgrounds. In all such genetic backgrounds tested, htrP mutant bacteria exhibited the following phenotypes: (i) inability to form colonies above 37°C in either rich (LB) or minimal (M9) medium, and (ii) a longer doubling time at 30°C compared with the isogenic wild-type parental strain, resulting in small colonies at 30°C. The fact that both these phenotypes cotransduce 100% (100 of 100 tested) with the kanamycin resistance marker shows that both phenotypes are the consequence of a single mutvational event.
Cloning of' htrP gene. Clones carrying the wild-type htrP gene were identified on the basis of complementation of the Ts-phenotype from two libraries of cloned wild-type chromosomal DNA. The use of a library of E. coli DNA digested with PstI and cloned in the low-copy-number vector pGB2 resulted in the identification of a 6.5-kb PstI fragment that complemented both slow growth at 30°C and the Ts-phenotype of htrP698: :TnJO mutant bacteria. We also used an E. coli genomic library cloned in cosmid vector pREG153 (23) to isolate cosmid clones that corrected the Ts-phenotype. All subclones from these cosmids were shown to share the same 6.5-kb PstI fragment. Further subcloning experiments resulted in the identification of a 1.6-kb ClaI-NdeI minimal DNA fragment that rescued all mutant phenotypes exhibited by the htrP698::TnJO mutation (Fig. 1) .
Mapping of htrP gene. To map the htrP gene, we used the 32P-labeled 6.5-kb PstI fragment derived from plasmid pSR589 (htrP+) to hybridize to the X E. coli DNA library (14) . Hybridization was observed with X clones 507 and 508 (data not shown), which carry the region corresponding to kbp 3220 to 3250 of the E. coli physical map.
To further confirm the map position, we first lysogenized htrP mutant bacteria with phage X immA ind and then infected them with X transducing phages 505 to 509. Only recombinant phage X 507 was found capable of (i) rescuing the Ts-phenotype and (ii) recombining the kanamycin resistance marker from htrP698: :TnJO. This result places the htrP gene close to the 3,240-kb region on the physical map of E. coli. By close comparison of restriction maps of htrP+ subclones derived from cosmids or pSR589 with the restriction map of E. coli covering this region (14) , the htrP gene was further localized within the 3,238-to 3,240-kbp region. The known genes in this area are tolC and cca (1 was monitored by sensitivity to SDS and inability to form colonies on MacConkey agar plates (9) .
We also looked into the possibility that the htrP698::TnJO mutation lies in the ribB gene (2), previously mapped close to tolC (1, 2) . However, all known insertions in the ribB gene exhibit a riboflavin auxotrophy, whereas all of our htrP mutant constructs were prototrophic.
Construction of htrP::fk Kanr insertion mutant. Since we isolated only a single htrP allele, htrP698::TnlO, which was shown by sequencing to map close to the carboxy terminus of the protein (see below), an additional null allele was constructed as follows. First, the fl Kanr cassette was inserted in the BglII site of plasmid pSR603 (Fig. 1 ). This DNA was used for linear transformation and recombination of the insertion mutation into the chromosome. The htrPS10:: fQ Kanr strain thus constructed exhibited the same phenotype as htrP698::TnJO. We conclude that the htrP gene is dispensable at low temperature but is absolutely required for E. coli bacterial viability at temperatures above 37°C.
Identification of HtrP protein. The htrP gene product was identified by in vivo expression from its own promoter in the maxicell system (29) as well as in the T7 promoter expression system (32) (Fig. 2) . Introduction of the multicopy plasmid pSR590 (htrP+) or pSR591 (htrP+) resulted in the overproduction of a 27-kDa protein in both wild-type and htrP mutant bacteria. Since a protein of similar size is missing in htrP mutant bacteria (Fig. 3) , we tentatively concluded that the 27-kDa protein is the product of the htrP gene. The htrP gene, when exclusively transcribed from the T7 promoter with BL21(DE3) (32) as the host strain, resulted in the production of an identical 27-kDa acidic protein, which migrated at the expected isoelectric charge (24) (pl = 4.55) predicted from the DNA sequence analysis (see below). By the known orientation of the NdeI-ClaI fragment in plasmid pSR591 or the NdeI-PstI fragment in plasmid pSR590, with respect to the direction of T7 RNA polymerase transcription, it was found that the htrP gene, encoding the 27-kDa protein, is transcribed toward the NdeI site, which is counterclockwise, vis-a-vis the conventional E. coli genetic map. As can be seen in two-dimensional polyacrylamide gel electrophoresis (PAGE) gels ( Fig. 2 and 3) , the HtrP protein appears to possess multiple isoelectric forms, suggesting that it is posttranslationally modified.
Sequencing the htrP gene. The htrP gene was sequenced from DNA subcloned in both the low-copy-number vector pGB2 and Bluescript vectors. (Both strands were sequenced with either derived subclones or exonuclease III-generated overlapping subclones.) Sequence analysis of a 1.6-kb DNA region from the ClaI to NdeI restriction sites revealed a 756-nucleotide open reading frame (ORF) (Fig. 4) . The ORF starts at an ATG, at position 794, and terminates at a TGA, at position 1550. The sequence predicts a 252-amino-acid polypeptide of 27,471 Da, possessing a pI of 4.55. A putative Shine-Dalgarno sequence was located at positions 780 to 783.
The position of the mini-Kan::TnJO insertion was determined by sequencing the DNA from pSR604. The site of the mini-Kan: :TnlO insertion was found within the deduced htrP gene at position 1397 of the sequence (Fig. 4) . This places the TnlO insertion at the position coding for amino acid 202 of the HtrP protein. Based on the sequence analysis and complementation by the minimal clone carrying 1.6-kb ClaI-NdeI DNA fragment, it is concluded that the htrP gene is not part of an operon and hence that all the phenotypes associated with htrP698: :TnJO insertion mutation are due to lack of htrP function rather than due to any polar effects on a cotranscribed gene. These results were further confirmed by analysis of the transcripts (see below), which showed that the htrP gene encodes a monocistronic message.
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Transcriptional regulation of htrP gene. Since the htrP gene is essential for E. coli growth at temperatures above 37°C, we looked at the relative abundance of htrP-specific transcripts by Northern analysis. RNA extracted from wild-type cells grown at 30, 42, and 50°C was used. Under all conditions tested, a single transcript of about 850 nucleotides was observed, using the 1.6-kb ClaI-NdeI nick-translated DNA as the probe in the Northern analysis. Unlike heat shock genes, the accumulation of htrP-specific transcripts was observed to decline with a shift-up in temperature (Fig. 5) . We also looked for the presence of htrP-specific transcripts in an isogenic rpoH null mutant. The htrP gene was found to be actively transcribed in the rpoH null mutant KY1621 (38) .
Thus, it is concluded that transcription of the htrP gene does not require the presence of the rpoH gene product (uF32) and is not subject to any other type of heat shock regulation.
Expression of htrP promoter as judged by lacZ operon fusions. The putative promoter region of the htrP gene was cloned in the promoter probe operon fusion vector pRS528 (30) as described in Materials and Methods (Fig. 6) region. To avoid complications arising from multicopy plasmid effects, the cloned promoter region from pSR950 was transferred onto the XRS45 transducing phage by homologous recombination. Such recombinant phage were used to introduce a single copy of the htrP-lacZ fusion into the chromosome (30) . The level of lacZ expression was measured by monitoring P-galactosidase activity under different growth conditions. Consistent with the Northern analysis of htrP transcription, lacZ expression was found to decrease upon a shift-up in temperature. The steady-state levels measured under different growth-phase conditions (Table 2) were three-to fourfold lower at 37'C than those at 22'C. No significant differences in htrP promoter-driven lacZ expression were observed in the isogenic htrP+ or htrP mutant genetic backgrounds at 22 or 30°C, indicating the absence of self-regulation. htrP cells filament above 37°C. Introduction of the htrP mutation into an otherwise wild-type E. coli background resulted in a decrease in viability at temperatures above 370C (Fig. 7) . To account for the decrease in viability at high temperature (370C and above), we studied htrP bacteria, along with isogenic htrP+ strains, by light microscopy. Cells at different stages of growth in either minimal or LB medium were analyzed over a wide range of temperatures. No major differences were observed for either colony morphology or generation time at 22°C. The htrP bacteria grew as motile rods at 30'C in the early stages of growth, similar to the wild-type parent (Fig. 8) . However, when htrP bacteria reached the late log phase, approximately 5 to 10% of the cells were anucleated at 30°C. At 30°C, the htrP bacteria grew slowly, with a mean generation time of 75 min compared with 42 min observed for the isogenic htrP+ strains. In accordance with this, colony size was reduced in htrP bacteria compared with the htrP+ parental strain. When htrP cells grown at 22°C were shifted to 37 or 42°C, they either underwent filamentation or exhibited aberrant cell morphology. Filamentation started within 2 h at 42°C following a shift from 22°C. When the cultures were shifted to 37°C, the extent of filamentation varied, probably owing to the comparatively leaky nature of the phenotype at this temperature.
We also examined the phenotype in low-phosphate medium (Fig. 8E) . In this medium, filamentation was more pronounced at both 37 and 42°C than that observed in LB or minimal medium. The low-phosphate medium was M9 medium without added extra inorganic phosphates but supplemented with 5 mM KCl and Casamino Acids (0.4%). When htrP bacteria were incubated in saline solution (50 mM Tris [pH 7.5], 0.84% NaCl) at 37 and 42°C, they lost the normal rod shape and instead appeared round or formed ghostlike heads (Fig. 8F) . Under identical conditions, the wild-type bacteria retained both the normal rod shape as well as viability. These results suggest that htrP mutant bacteria possess defective cell walls, implicating a direct or indirect effect of the HtrP protein in proper cell wall biosynthesis and/or assembly. (11) or by centrifugation at 220,000 x g for 2 h. When HtrP protein was overproduced by using pSR591 with the htrP gene expressed from T7 promoter, most of the HtrP protein was found in the soluble fraction (Fig. 9 ). This result argues against HtrP protein being an integral membrane protein.
Homology to other proteins. Searches of the protein sequence data bases, using the predicted HtrP sequence, revealed significant homology to the known LuxH protein of Vibrio harveyi. These two proteins share an identity of 64.4% over a length of 210 amino acids (Fig. 10) . The luxH gene is the last gene in the luxAH operon (33) . The function of the luxH gene is not yet known. However, it is known that the expression of luxH is not essential for light production (33) . Another protein sequence found in the data base, RibA (GenBank X51510), presumably involved in riboflavin bio- Fig. 2A . The labeled cells were centrifuged at 2,000 x g for 10 min, washed in M9 medium, and resuspended in 0.5 ml of 20% sucrose, followed by the addition of DNase and RNase (10 ,ug/ml (9) .
The htrP gene was sequenced and found to possess an ORF coding for a protein with a predicted molecular weight of 27,471 and a predicted isoelectric point of 4.55. The evidence that this ORF indeed encodes the HtrP protein is as follows. (i) The predicted and observed sizes (-27,000 Da) (Fig. 2 and 3 ) of the protein product agree with each other. (ii) There is no other ORF of a similar size within the sequenced area. (iii) The predicted isoelectric charge of HtrP is pH 4.55, in agreement with its observed migration on two-dimensional SDS-polyacrylamide gels (Fig. 3) . (iv) When the wild-type gene was replaced by either the htrP698::TnJO or htrPSO::fQ Kan mutant allele, the 27,000-Da protein was no longer made. (v) Sequencing of the htrP698::TnJO mutation confirmed that the TnJO insertion was present in this particular ORF, and (vi) the strong homology between the HtrP protein predicted from this ORF and LuxH protein runs through the length of this ORF, particularly in the first 220 amino acids.
The facts that the minimal htrP+ clone (1.6-kb ClaI-NdeI) (i) complements all the phenotypes and (ii) possesses a single ORF and that (iii) a single 850-nucleotide-long htrP-specific transcript is found show that the htrP gene is not organized as an operon. This implies that all the phenotypes associated with the htrP698::TnJO mutation arise because of the absence of htrP function and are not due to any polar effects on the expression of some other gene.
Analysis of RNA transcripts shows that (i) transcription of the htrP gene is not subject to regulation by EU32, since the htrP gene is transcribed in the rpoH null mutant, and (ii) the accumulation of the htrP-specific gene transcripts declines upon a shift-up in temperature. These results clearly indicate that the htrP gene is not a classical heat shock gene. Using htrP-lacZ operon fusions, we further confirmed that the level of transcription from the htrP promoter is reduced at high temperatures. However, it is quite interesting that even a shift up from 22°C to 30 or 37°C leads to a progressive decline in the rate of htrP promoter-driven lacZ expression. Since the reduction was observed at all growth stages, including the stationary phase, the transcription does not appear to be growth rate regulated, at least in the wild-type background used (MC4100). Although transcription from the htrP promoter is reduced at 37°C vis-a'-vis that observed at 22°C, the transcription rate is still fairly high compared with other known promoters.
The HtrP protein is predicted to be overall hydrophilic in nature, although it has two potential transmembrane segments. Both the lack of a signal peptide sequence and the hydrophilic nature of the protein suggest that the HtrP protein either spans the inner membrane or is membrane associated. However, when the HtrP protein was overproduced from the T7 promoter expression system, it was found that most of the HtrP protein was present in the soluble fraction. It (2) . Clearly, more studies are needed to establish a functional and genetic relationship between the HtrP protein and LuxH and to determine whether the HtrP protein is somehow involved in the biosynthetic pathway of riboflavin.
